Introduction
============

In the central dogma of molecular biology, transcription is a fundamental process in which RNA will be synthesized by RNA polymerases on DNA templates. Understanding the mechanism of action of RNA polymerase will further enhance our understanding toward the knowledge of gene expression. The RNA polymerase of T7 bacteriophage is a commonly used target for the studies on many aspects of transcription because of its high and specific processivity with a single subunit structure.[@b1-bbi-10-2016-155] It can be used to produce bulk amounts of specific RNAs by simply transcribing DNA that has been joined to a promoter for T7 RNA polymerase (T7RNAP). Such RNAs could also be useful as hybridization probes, mRNAs for *in vitro* translation, substrates for analyzing the processing reactions or RNA splicing, or for any purpose requiring a specific RNA.[@b2-bbi-10-2016-155] Apart from the use in selective high-level expression of cloned genes, T7 RNAP serves as a template for multiple purposes such as detecting the effects of chemically induced DNA lesions,[@b3-bbi-10-2016-155] creating synthetic gene circuits,[@b4-bbi-10-2016-155] and RNA editing.[@b5-bbi-10-2016-155]

T7RNAP is a 99 kDa single polypeptide DNA-dependent RNA polymerase, which catalyzes the formation of RNA in 5′-3′ direction. T7RNAP is structurally related to the members of a super family of nucleotide polymerases such as *Escherichia coli* DNAP I and reverse transcriptase. Similar to other nucleic acid polymerase structures, T7RNA polymerase domain looks like an open right hand, where it has the finger, palm, and thumb subdomains. The structure of T7RNAP comprises N-terminal domain \[1--325\], thumb subdomain \[326--411\], the palm subdomain \[412--553 and 785--879\], the fingers \[554--784\], and C-terminal end \[880--883\]. The palm subdomain can be further broken down into the palm insertion module \[450--527\] and extended foot module \[838--879\] and the finger subdomain into specificity loop \[740--769\].[@b6-bbi-10-2016-155] The palm, fingers, and thumb regions of the T7 polymerase define the DNA binding and RNA synthesis catalytic sites.[@b1-bbi-10-2016-155]

T7RNAP can be inhibited by various ways ([Fig. 1](#f1-bbi-10-2016-155){ref-type="fig"}), chiefly (a) by binding of inhibitor at the catalytic site of the enzyme, (b) by the binding of T7 lysozyme to an alternate site other than the active site, or (c) through binding to the DNA template.[@b6-bbi-10-2016-155],[@b7-bbi-10-2016-155] Though the T7 lysozyme-induced inhibition has been studied extensively,[@b6-bbi-10-2016-155],[@b8-bbi-10-2016-155],[@b9-bbi-10-2016-155] we have very little information about possible inhibitors that form interactions with active site and DNA template. In this article, our focus is on the inhibitors that bind to the catalytic site.

The T7RNAP inhibition at the active site has been studied since a long time, though not with much structural details. In 1972, Chamberlin and Ring[@b7-bbi-10-2016-155] characterized few T7RNAP-specific inhibitors, where they have used few bacterial RNA polymerase-specific inhibitors (rifampicin, streptolydigin, streptovaricin complex) and few polyanionic compounds, such as polyribonucleotide (Poly\[r(U)\]) and heparin, that binds at the functional site of the polymerase. These inhibitors have been tested for their *in vitro* inhibition of T7RNAP. Heparin was identified as a potent inhibitor of both *E. coli* RNA polymerase and T7 RNA polymerase, whereas the antibiotics (rifampicin, streptovaricin, and streptolydigin) have no effect on T7 RNA polymerase even at higher concentrations. It has been proved with the RNA polymerase that heparin interacts with the free polymerase and inhibits its activity, while engaged in RNA synthesis; thus, it is a competitive inhibitor of RNA synthesis, affecting initiation but not elongation.[@b10-bbi-10-2016-155]--[@b12-bbi-10-2016-155] In contrast to *E. coli* RNA polymerase, heparin inhibits T7RNAP equally whether added before or after the beginning of RNA synthesis.[@b7-bbi-10-2016-155] Heparin is usually used in biochemical tests, such as heparin trap assay.[@b11-bbi-10-2016-155] However, it has been found that few rifamycin SV derivatives, analogous to rifamycin, containing a variety of substituents at C-4 of the napthoquinone ring are active inhibitors of T7RNAP.[@b13-bbi-10-2016-155] In a recent study, iron (II) clathrochelates were also reported as inhibitors of T7RNAP transcription complexes, but in this study, active site of the polymerase was not considered for interaction analysis.[@b14-bbi-10-2016-155]

Qimron et al.[@b15-bbi-10-2016-155] noticed that there is much to learn about T7 phage proteins and their interactions, which could lead to a better understanding of viral resistance to inhibitors. In this study, we have used heparin as a model inhibitor to study its interactions with T7RNAP. In addition to that, we have also analyzed the interactions of few low molecular weight (LMW) derivatives of heparin, to observe how the LMW derivatives interact with T7RNAP as compared to their high molecular weight counterpart. Exploring the interactions of heparin with T7RNAP will help one to understand its inhibition by other ligands.

Materials and Methods
=====================

Modeling and optimization of T7RNAP structure
---------------------------------------------

Though experimentally determined structure of T7RNAP in its apo form is available in Protein Data Bank, PDB ID: 4RNP,[@b16-bbi-10-2016-155] the reported structure contains only α-carbons. So, we have modeled the full-length structure of T7RNAP with *in silico* modeling. Query sequence for structure prediction of T7RNAP from Enterobacteria phage T7 \[P00573\] was obtained from UniProt.[@b17-bbi-10-2016-155] I-TASSER[@b18-bbi-10-2016-155] web server was used for predicting the three-dimensional (3D) model. The PDB deposit of the T7RNAP complexed with T7 lysozyme \[PDB ID: 1 ARO\][@b6-bbi-10-2016-155] having 99% identity with the query was assigned as template. The server has also used T7RNAP complexed with a phi10 protein and initiating GTPs \[PDB ID: 2PI4\][@b19-bbi-10-2016-155] and T7RNAP elongation complex with 30 base pairs of duplex DNA \[PDB ID: 1MSW\],[@b20-bbi-10-2016-155] as templates with sequence identity between template chain with query sequence 100% and 99%. The two metal ions (Mg^2+^) at the active site positions Asp 537 and Asp 812 were modeled using MODELLER[@b21-bbi-10-2016-155] by taking the crystal structure of T7RNAP elongation phase substrate complex \[PDB ID: 1S76\][@b22-bbi-10-2016-155] as template.

The 3D structure of T7RNAP obtained from *in silico* modeling was optimized using molecular dynamics (MD) simulation with GROMACS 4.5.[@b23-bbi-10-2016-155] The stability of T7RNAP structure during the MD simulation was measured by its deviation from the initial structure in terms of root mean square deviation (RMSD).

Interaction study of heparin
----------------------------

Heparin is found as both unfractionated and LMW versions. In this work, we analyzed heparin \[PubChem CID: 444410\] and few of its LMW derivatives such as enoxaparin \[PubChem CID: 772\], bemiparin \[PubChem CID: 25244225\], fondaparinux \[PubChem CID: 5282448\], and idraparinux \[PubChem CID: 3083445\].[@b24-bbi-10-2016-155]

The above compounds were collected from PubChem,[@b25-bbi-10-2016-155] a public molecular information repository ([Table 1](#t1-bbi-10-2016-155){ref-type="table"}, [Supplementary Fig. 1](#s1-bbi-10-2016-155){ref-type="supplementary-material"}). All these compounds were energy minimized using LigPrep tool[@b26-bbi-10-2016-155] with an Optimized Potentials for Liquid Simulations (OPLS_2005) force field. Their ionization states were generated at pH 7.0 ± 2.0 using Ionizer in LigPrep. Specific chiralities were retained during ligand preparations and stereoisomers per ligand were retained at a minimum value of 1, as these compounds have too many atoms and are too flexible. The T7RNAP model was optimized by the protein preparation wizard and the grid box enclosed around the active site residues (palm subdomain: Asp 537, His 811, and Asp 812 and finger subdomain: Lys 631 and Tyr 639).[@b27-bbi-10-2016-155],[@b28-bbi-10-2016-155] The selected compounds were docked to the active site of T7RNAP using Glide XP module[@b29-bbi-10-2016-155] of Maestro 9.2 suite.[@b30-bbi-10-2016-155] While docking, flexible docking option was selected. Ring sampling energy window was kept at 2.5 kcal/mol. For energy minimization, distance-dependent dielectric constant was kept at its default value of 0.2 and maximum number of minimization steps used by the conjugate gradient minimization algorithm was kept at its default value of 100. The interactions of protein--ligand complexes were visualized by LigPlot+ tool.[@b31-bbi-10-2016-155]

Prime MM-GBSA
-------------

Molecular mechanics/generalized Born surface area (MM-GBSA) method was used as a post-docking validation tool. The binding energy calculated by MM-GBSA shows a reasonably good correlation between the predicted and the experimental binding affinity. The Prime/MM-GBSA (Schrödinger, LLC) method combines OPLS molecular mechanics energies (*E*~MM~), a VSGB solvation model for polar solvation (*G*~SGB~), and a nonpolar solvation term (*G*~NP~) composed of the nonpolar solvent-accessible surface area (SASA) and van der Waals interactions.[@b32-bbi-10-2016-155] Based on the docked complex, it calculates the binding free energy (Δ*G*~bind~) of each ligand using the following equation,[@b33-bbi-10-2016-155] $$\Delta G_{\text{bind}} = \Delta E_{\text{MM}} + \Delta G_{\text{solv}} + \Delta G_{\text{SA}}$$where Δ*E*~MM~ is the difference in energy between the complex structure and the sum of the energies of the protein with and without ligand, Δ*G*~solv~ is the difference in the GBSA solvation energy of the complex and the sum of the solvation energies for the ligand and unliganded protein, and Δ*G*~SA~ is the difference in the surface area energy for the complex and the sum of the surface area energies for the ligand and uncomplexed protein.

MD simulation
-------------

MD simulation has been commonly applied to refine homology models and evaluation of hits for stability and to study the way a ligand and receptor would behave in a real environment with the aid of physical movements of atoms.[@b34-bbi-10-2016-155]--[@b39-bbi-10-2016-155] Simulations were performed using the program GROMACS 4.5 with GROMOS force field[@b40-bbi-10-2016-155] for T7RNAP model and T7RNAP-ligand complexes. The parameters and topologies of the ligands were calculated by PRODRG server prior to MD simulation.[@b41-bbi-10-2016-155] The Simple Point Charge (SPC) water model was used to solvate system, which was generated as a cubic box-like area with a side of 1.2 nm such that the protein and the protein--ligand complexes are covered appropriately with water molecules. Sodium and chloride ions were added to neutralize charge for the protein as well as the complexes. Energy minimization was performed using the steepest descent method for 50,000 steps for all systems with a tolerance of 1000 kJ mol^−1^ nm^−1^. Consequently, 50,000 steps of a conjugate gradient algorithm was also used to minimize the systems with a tolerance of 1000 kJ mol^−1^ nm^−1^. For long-range interactions, the PME method was used with a 1.0 nm cutoff. Then, equilibrations were carried out for 100 ps for each system with a constant number of particles, volume, and temperature \[NVT; with modified Berendsen thermostat with velocity rescaling[@b42-bbi-10-2016-155] at 310 K and a 0.1 ps time step, Particle Mesh Ewald Coulomb type[@b43-bbi-10-2016-155] for long-range electrostatics with Fourier spacing 0.16\]; and a constant number of particles, pressure, and temperature \[NPT; Parrinello--Rahman pressure coupling[@b44-bbi-10-2016-155] at 1 bar with a compressibility of 4.5 × 10^−5^ bar^−1^ and a 2 ps time constant\]. Finally, the equilibrated system for T7RNAP model was subjected to 50 ns MD simulation and equilibrated systems for each protein--ligand complexes were subjected to 30 ns MD simulation with a time step of 2 fs. Bond lengths were constrained using the linear constraint solver (LINCS) algorithm.[@b45-bbi-10-2016-155] The quality of the receptor--ligand complexes were analyzed by RMSD and root mean square fluctuation (RMSF) plots. The number of hydrogen bonds formed during the simulation was calculated using *g_hbond* utility of GROMACS.

MM-PBSA
-------

The molecular mechanics Poisson--Boltzmann surface area (MM-PBSA) approach is one of the most widely used binding free energy calculation method combined with MD simulation. It has been successfully applied to various protein--ligand or protein--protein/peptide complexes.[@b46-bbi-10-2016-155],[@b47-bbi-10-2016-155] Poisson--Boltzmann (PB) is an implicit solvent method often used to approximate polar solute--solvent interactions by representing the solvent with a simple dielectric continuum model, whereas SASA models are popular choices for nonpolar solute--solvent interactions.[@b48-bbi-10-2016-155] This method also helps to understand biomolecular associations in detail by decomposing the total binding energy into a series of components. The g_mmpbsa tool[@b49-bbi-10-2016-155],[@b50-bbi-10-2016-155] was employed for calculating the binding free energy of protein--ligand complexes from MD trajectories. This module estimates the Gibb's free energy of binding using the MM-PBSA method as described by the equations below: $$\begin{matrix}
{\Delta G_{\text{bind}} = \Delta G_{\text{complex}} - (\Delta G_{\text{protein}} + \Delta G_{\text{ligand)}}} \\
{\Delta G_{x} = \Delta E_{\text{MM}} + \Delta G_{\text{solv}} - T\Delta S_{\text{MM,}}\lbrack\Delta G_{\text{solv}} = \Delta G_{\text{polar}} + \Delta G_{\text{nonpolar}}\rbrack} \\
{\Delta E_{\text{MM}} = E_{\text{bonded}} + E_{\text{nonbonded}} = E_{\text{bonded}} + (E_{\text{elec}} + E_{\text{vdw}})} \\
\end{matrix}$$where Δ*G*~complex~ is the total free energy of the protein--ligand complex and Δ*G*~protein~ and Δ*G*~ligand~ are total free energies of the isolated protein and ligand in solvent, respectively. Δ*G*~x~ is the free energy for each individual entity. *T*Δ*S* refers to the entropic contribution to the free energy in vacuum where *T* and *S* denote the temperature and entropy, respectively. Δ*G*~solv~ is the free energy of solvation. The vacuum potential energy, Δ*E*~MM~, includes the energy of both bonded and nonbonded interactions. Detailed theory for this module and its implementation protocol in GROMACS has been reported by Kumari et al.[@b49-bbi-10-2016-155]

The g_mmpbsa tool allowed us to decompose the total binding free energy into the contribution made by each residue, enabling us to understand the complex binding process in detail through a comparison of the relative contribution of residues to the overall binding energy. For this calculation, at first the energy components *E*~MM~, *G*~polar~, and *G*~nonpolar~ of individual atoms were calculated in both protein--ligand complex and unbound form and subsequently their contribution to the binding energy Δ*Rx*^BE^ of residue "*x*" was calculated as follows: $$\Delta Rx^{\text{BE}} = {\sum\limits_{i = 0}^{n}\left( {Ai^{\text{bound}} - Ai^{\text{free}}} \right)}$$where *Ai*^bound^ and *Ai*^free^ are the energy of *i*th atom from *x* residue in complexed and uncomplexed forms, respectively, and *n* is the total number of atoms in the residue.

Results
=======

Optimized 3D structure of T7RNAP
--------------------------------

I-TASSER predicted the model for T7RNAP with appropriate confidence score (C-score = 2), suggesting that the modeled structure is of good quality. The modeled structure ([Fig. 2A](#f2-bbi-10-2016-155){ref-type="fig"}) was submitted to PDBsum (<https://www.ebi.ac.uk/pdbsum/>) for the calculation of secondary structure summary and Ramachandran plot. PDBsum results showed that about 51% of the residues constitute α-helices while the contribution of strands is about 7.5%. The modeled structure shows 89.6% favored region and 9.6% in the allowed region of Ramachandran plot. For further validation of the modeled structure, it was submitted to Verify3D server (<https://services.mbi.ucla.edu/Verify_3D/>); 87.88% of the residues had an averaged 3D--1D score \>0.2. All these results suggest that the modeled structure is a valid one and hence the structure was used for further studies.

The modeled 3D structure of T7RNAP was optimized using 50 ns MD simulation in solvent to mimic the physiological environment. The stability of T7RNAP structure during the MD simulation was measured by its deviation from the initial structure in terms of RMSD. The RMSD values of the T7RNAP backbone atoms in the entire MD simulation trajectory were shown in [Figure 2B](#f2-bbi-10-2016-155){ref-type="fig"}. The RMSD of the protein backbone atoms showed a stable behavior after 20 ns and converged to 0.45 nm. A representative structure of the minimum energy region from the entire 50 ns trajectory was extracted and utilized for further analysis.

Molecular docking results
-------------------------

### Binding mode of heparin

Heparin (CID: 444410, C~36~H~60~O~55~S~9~), upon docking with the polymerase, gave a glide score of −11.86 kcal/mol. It formed H-bonds with the two critical catalytic residues Asp 537 and Asp 812, while the passive residues formed eight H-bonds (Arg 425, Asn 466, Ser 541, Tyr 571, Arg 632, Asp 653, and His 784). Along with these, six hydrophobic interactions with T7RNAP were also observed (Asp 506, Met 635, Thr 636, Ala 638, Pro 780, and His 811). The magnesium metal, MG884, formed interaction with O38 atom attached to the sulfur (S4) of the ligand, while MG885 formed two interactions with O35 and O13 atom of S3 of the ligand ([Fig. 3A](#f3-bbi-10-2016-155){ref-type="fig"} and [Supplementary Fig. 2A](#s1-bbi-10-2016-155){ref-type="supplementary-material"}, [Table 2](#t2-bbi-10-2016-155){ref-type="table"}).

### Binding mode of LMW heparin compounds

Fondaparinux \[CID: 5282448, C~31~H~53~N~3~O~49~S~8~\] has the highest XP G-score of −12.68 kcal/mol. A framework of 9 H-bonds and 14 hydrophobic interactions was seen to stabilize the interface complex. It formed two H-bonds with the critical catalytic residue Asp 537 as well as other passive residues such as Lys 441, Gly 538, Tyr 571, Asp 653, His 784, and His 811. The magnesium metal, MG884, formed one interaction with O29 atom attached to the sulfur (S4) of the ligand, while MG885 formed three interactions with O10 and O30 atoms of S3 and O16 attached to the C17 of the ligand. Hydrophobic interactions are formed by Arg 423, Ser 539, Lys 631, Arg 632, Met 635, Thr 636, Ala 638, Pro 780, Asn 781, Gln 435, Gly 436, Ile 810, Cys 467, and Ser 507 ([Fig. 3B](#f3-bbi-10-2016-155){ref-type="fig"} and [Supplementary Fig. 2B](#s1-bbi-10-2016-155){ref-type="supplementary-material"}, [Table 2](#t2-bbi-10-2016-155){ref-type="table"}).

Bemiparin \[CID: 25244225, C~12~H~17~NO~20~S~3~^−4^\] formed 10 H-bonds and 4 hydrophobic interactions with T7RNAP, with XP G-score score of −7.96 kcal/mol. Out of the major catalytic residues, Asp 537 formed one H-bond and Asp 812 formed two H-bonds with bemiparin, while rest of the H-bonds were formed by passive residues. The magnesium metal, MG884, formed two interactions with O11 and N1 atom attached to the sulfur (S1) of the ligand, while MG885 formed three interactions with O1, O4, and O7 atoms of the ligand ([Fig. 3C](#f3-bbi-10-2016-155){ref-type="fig"} and [Supplementary Fig. 2C](#s1-bbi-10-2016-155){ref-type="supplementary-material"}, [Table 2](#t2-bbi-10-2016-155){ref-type="table"}).

Enoxaparin \[CID: 772, C~26~H~42~N~2~O~37~S~5~\] has an XP G-score score of −7.697 kcal/mol. This compound revealed a network of interactions with receptor residues including catalytic residues such as Asp 537 and Lys 631 with five passive residues Lys 441, Asp 506, Arg 632 (two bonds), and Ser 813. This compound formed a total of five hydrophobic interactions with the receptor (Glu 350, Asp 438, Ser 507, Met 635, and His 811). The magnesium metal, MG884, formed one interaction with O18 atom attached to the sulfur (S1) of the ligand, while MG885 formed two interactions with O18 atom of S1 and O25 of S3 of the ligand ([Fig. 3D](#f3-bbi-10-2016-155){ref-type="fig"} and [Supplementary Fig. 2D](#s1-bbi-10-2016-155){ref-type="supplementary-material"}, [Table 2](#t2-bbi-10-2016-155){ref-type="table"}).

Idraparinux \[CID: 3083445, C~38~H~64~O~49~S~7~\] formed 6 H-bonds and 15 hydrophobic interactions with an XP G-score of −4.189 kcal/mol. Out of the critical residues, only Lys 631 formed a H-bond with the receptor, rest of the H-bonds are formed by passive residues Lys 423, Lys 425, and Lys 441. The residues involved in the hydrophobic interactions were Tyr 739, Ser 776, Gly 777, Ala 638, Asp 653, Thr 636, Met 635, Arg 632, Ser 507, Asp 506, Gly 436, Gln 435, His 811, His 784, and Pro 780 ([Fig. 3E](#f3-bbi-10-2016-155){ref-type="fig"}, [Table 2](#t2-bbi-10-2016-155){ref-type="table"}). No metal interactions were found as the ligand positioned itself away from the magnesium ([Fig. 3E](#f3-bbi-10-2016-155){ref-type="fig"} and [Supplementary Fig. 2E](#s1-bbi-10-2016-155){ref-type="supplementary-material"}, [Table 2](#t2-bbi-10-2016-155){ref-type="table"}). The images of docked poses ([Fig. 3](#f3-bbi-10-2016-155){ref-type="fig"}) were rendered by UCSF Chimera.[@b51-bbi-10-2016-155]

Post-docking prime MM-GBSA
--------------------------

The receptor--ligand complexes generated as pose viewer file in Glide XP were submitted to the Prime/MM-GBSA tool in Maestro for MM-GBSA calculation to rescore the docking results with the help of free energy of binding. The free energy of binding (Δ*G*~bind~) for the given complexes varied from −125.4 to −43.2 kcal/mol ([Table 3](#t3-bbi-10-2016-155){ref-type="table"}). Though in the docking studies fondaparinux had the highest docking score, in MM-GBSA studies it was found that heparin has far better free energy of binding (−125.44 kcal/mol) than fondaparinux (−68.03 kcal/mol). Fondaparinux was also found to be more strained as compared to heparin. Out of other LMW heparins, bemiparin has the highest binding free energy (−83.02 kcal/mol) and less ligand strain than fondaparinux. Enoxaparin also shows similar binding free energy (−64.332 kcal/mol) as fondaparinux but with much lower ligand strain than both fondaparinux and bemiparin. Hence, we considered bemiparin and enoxaparin along with heparin for MD simulation.

Molecular dynamics studies
==========================

The top scoring compounds from the MM-GBSA study (heparin, bemiparin, and enoxaparin) were subjected to MD simulation to evaluate their stable binding with T7RNAP. The RMSD was calculated for all the complexes for 30 ns trajectory. From the RMSD graph ([Fig. 4A](#f4-bbi-10-2016-155){ref-type="fig"}), it can be seen that heparin is more stable among the three complexes with RMSD at ∼0.25 nm and showed a steady pattern after 15 ns. Enoxaparin complex showed a maximum deviation at ∼0.3 nm and formed a steady pattern after 15 ns, while bemiparin complex reached a maximum RMSD of ∼0.35 nm displaying a steady pattern after ∼22 ns. All these complexes attained stability and achieved a lower RMSD than in the free polymerase (∼0.45 nm).

The RMSF plot ([Fig. 4B](#f4-bbi-10-2016-155){ref-type="fig"}) was calculated for 30 ns simulation period for all the complexes. Our particular interest is the residues corresponding to palm and finger subdomains, which took participation in the ligand binding. The RMSF plot showed that bemiparin complex attained more fluctuations during the simulation compared to the heparin and enoxaparin complexes, emphasizing that the hydrogen bonds formed in docking process are highly unstable and not persistent throughout the simulation. To examine this, we compared the number of H-bonds formed between the ligand and receptor of all the three complexes during the 30 ns simulation. Multiple representatives of all the complexes from the 30 ns trajectories were extracted for an in-depth analysis of interactions.

The hydrogen bond interactions of heparin + T7RNAP complex ([Fig. 4C](#f4-bbi-10-2016-155){ref-type="fig"}) reached a maximum of eight and remained at five for most of the time. Among them, heparin maintained constant H-bond interactions with Arg 425, Tyr 571, Arg 632, His 784, and Asp 812 as well as additional interactions with His 811 and Tyr 739. As for the hydrophobic interactions in heparin--T7RNAP complex, all of them were found to be intact. The catalytic residue Lys 631 was seen forming hydrophobic interactions.

The enoxaparin + T7RNAP complex ([Fig. 4D](#f4-bbi-10-2016-155){ref-type="fig"}) maintained four bonds on an average while reaching a maximum of seven H-bonds during the 30 ns simulation period. It maintained H-bonding contribution of Lys 441 and Arg 632 and additional interactions with Tyr 571, Gly 436, and His 811. The hydrophobic interactions by residues Glu 350, Asp 438, and Met 635 were found to be intact throughout the simulation period. The catalytic residues Arg 631 and Asp 812 are seen forming hydrophobic interactions. Moreover, additional hydrophobic interactions were also observed in all the complexes.

In the case of bemiparin + T7RNAP complex ([Fig. 4E](#f4-bbi-10-2016-155){ref-type="fig"}), it maintained two bonds on an average while reaching a maximum of four H-bonds. It maintained H-bonding contribution of His 811 and additional interactions with Gln 435, Tyr 571, and Lys 631. The hydrophobic interactions were found to be intact, and Asp 812 was seen forming hydrophobic interaction. These results show that Tyr 571 and His 811 are critical for the interaction of heparin with T7RNAP as they maintained their H-bonds constantly in all the complexes.

SASA of the apo form of T7RNAP as well as all the T7RNAP--ligand complexes were calculated for the last 5 ns of simulation trajectories to check the stability of the binding pocket using g_sas utility of GROMACS. It was observed that accessible surface area of T7RNAP active site residues was significantly reduced after binding with inhibitors. The accessible surface area of T7RNAP alone reached up to 13 nm^2^, while with heparin, bemiparin, and enoxaparin it reduced to about 5.2 nm^2^ ([Supplementary Fig. 3](#s1-bbi-10-2016-155){ref-type="supplementary-material"}), which indicates that the ligands are strongly occupying the binding cavity in all the three complexes.

To evaluate how these changes in protein + ligand complexes contributed to the binding energy during the simulation, we subjected these complexes to MM-PBSA analysis.

Post-simulation MM-PBSA
-----------------------

The energy components *E*~MM~, *G*~polar~, and *G*~nonpolar~ of each complex were calculated for 26 snapshots that were extracted at every 0.2 ns from the production trajectories from 25 to 30 ns ([Table 4](#t4-bbi-10-2016-155){ref-type="table"}). Among the complexes, heparin has a better free energy (−240.29 kJ/mol) of binding than the LMW heparin, bemiparin (−12.76 kJ/mol), and enoxaparin (−51.92 kJ/mol). The energy difference is mainly contributed by van der Waals energy as well as polar solvation energy.

To identify the key residues related to the binding process, the binding free energy between the protein and inhibitor was decomposed into the contribution of each residue using MM-PBSA approach. For this analysis, the residues from palm and finger subdomains were only considered. As can be seen from [Figure 5A](#f5-bbi-10-2016-155){ref-type="fig"}, the major energy contribution for heparin--T7RNAP complex was from the residues Asp 438, Asp 471, Asp 506, Asp 537, Ser 539, Cys 540, Tyr 571, Glu 600, Met 635, Glu 652, Asp 653, Pro 780, and Asp 812, out of which Asp 471, Asp 506, Asp 537, Tyr 571, Met 635, Asp 653, Pro 780, and Asp 812 were the highest contributors. As for enoxaprin--T7RNAP complex residues, Gly 436, Asn 437, Asp 506, Tyr 571, Asp 599, Glu 600, Ser 628, Met 635, Glu 652, and Asp 653 contributed the maximum to binding free energy ([Fig. 5B](#f5-bbi-10-2016-155){ref-type="fig"}). In case of bemiparin--T7RNAP complex, highest contribution was obtained from Met 635, Glu 652, and Asp 653 ([Fig. 5C](#f5-bbi-10-2016-155){ref-type="fig"}).

Discussion
==========

The modeled complete structure of T7RNAP with Mg^2+^ ions at catalytic center in its apo form showed good quality. The RMSD plot obtained from the MD simulations shows a stable profile. The helical composition of the modeled structure is higher than the template structure with lysozyme (1ARO; 48%). The ratio of defined secondary structural components was also higher in the model structure, as majority of the positions (residue number: 60--72, 165--181, 234--240, 345--385, and 590--611) in the 1ARO are devoid of defined secondary structure (boxed in [Supplementary Fig. 4](#s1-bbi-10-2016-155){ref-type="supplementary-material"}). The position and distances of the divalent metal ions at the catalytic center ([Supplementary Fig. 5A](#s1-bbi-10-2016-155){ref-type="supplementary-material"}) were maintained in the modeled structure and the distances were maintained throughout the 50 ns simulation ([Supplementary Fig. 5B](#s1-bbi-10-2016-155){ref-type="supplementary-material"}). The C-terminal end is also projected toward the palm subdomain (colored yellow in [Supplementary Fig. 5C](#s1-bbi-10-2016-155){ref-type="supplementary-material"}) in the modeled structure as required by the polymerase to function efficiently as opposed to the lysozyme bound structure (colored yellow in [Supplementary Fig. 5D](#s1-bbi-10-2016-155){ref-type="supplementary-material"}). The distance of Asp 537 and Ala 883 in the modeled structure was ∼7 Å and during MD simulation and the closeness of the C-terminal end to the catalytic residues of the palm subdomain was maintained ([Supplementary Fig. 5E](#s1-bbi-10-2016-155){ref-type="supplementary-material"}). Similarly, the distance between the Mg^2+^ attached to Asp 537 and Ala 883 was also maintained throughout the simulation.

Both docking and post-docking MM-GBSA studies showed favorable binding energy for heparin + T7RNAP complex. As for the LMW heparin compounds, we found that bemiparin and enoxaparin showed better results in docking and MM-GBSA analysis. Also, sulfur atoms, being an integral part of the heparin structure, were seen to impart a major role among the interactions by assisting in binding with Mg^2+^ at the catalytic core of T7RNAP as well as other key residues. The results also indicated that the solvation energy (Solv GB) and Coulomb energy of the complex has the highest contribution to the energy difference among all the ligand--receptor complexes.

The MD simulation studies of the protein and ligand complexes revealed that the heparin + T7RNAP complex maintained a better stability than the complexes of its LMW derivatives. From the MM-PBSA studies, we found that heparin established a stronger binding affinity with T7RNAP (compared to its LMW derivatives) and among LMW derivatives, enoxaparin is found to be a possible alternative owing to its induced stability to the complex with T7RNAP and better binding free energy than bemiparin complex. The decomposition of binding free energy (MM-PBSA) into each interaction type suggested that van der Waals interactions and polar solvation energy provides the ample driving force for the binding process of both the complexes, which were also seen in post-docking MM-GBSA analysis ([Table 3](#t3-bbi-10-2016-155){ref-type="table"}). The per-residue energy contribution of heparin + T7RNAP complex revealed that the Asp 471, Asp 506, Asp 537, Tyr 571, Met 635, Asp 653, Pro 780, and Asp 812 were the highest contributors to the binding affinity to T7RNAP. We also found residues contributing to the complexes of T7RNAP with LMW derivatives during the simulation period. By comparing the results of per-residue energy contribution of all the complexes, it can be said that the residues Asp 506, Tyr 571, Glu 600, Met 635, Glu 652, and Asp 653 were found to be the highest contributors in all the complexes and are essential for binding of heparin-like structures with T7RNAP. The residues found highly contributing to binding energy, common to the three complexes, were seen forming both H-bond and hydrophobic interactions with T7RNAP. This indicates that hydrophobic interactions also have a role in the stability of these complexes.

Inhibition mechanism of heparin
-------------------------------

The results from the above analysis also help us to understand the inhibition mechanism of heparin. It was revealed that heparin inhibits T7RNAP by interactions with palm subdomain and finger subdomain. The residue Asp 471 present on the palm insertion module (450--527) was one of the strong contributors ([Fig. 5A](#f5-bbi-10-2016-155){ref-type="fig"}). This residue is adjacent to one important residue Lys 427, whose side chain swing greatly promotes the PPi (pyrophosphate) release during the T7RNA polymerase transcription elongation process.[@b52-bbi-10-2016-155] It is possible that the strong interaction of Asp 471 to heparin hinders the flexibility of highly flexible Lys 472 ([Fig. 6](#f6-bbi-10-2016-155){ref-type="fig"}) to swing properly and pull the PPi out.

The two catalytic center residues Asp 537 and Asp 812 are directly involved in the catalysis of the phosphodiester bond synthesis by forming a complex with the divalent metal ions.[@b53-bbi-10-2016-155] Mutations of these residues were also found to be severely disrupting catalysis.[@b54-bbi-10-2016-155] Hence, strong interactions with these residues certainly help in inhibition.

The finger subdomain is specifically involved in the promoter binding. The residue Tyr 571 is directly involved in this first stage of transcription initiation T7RNAP, promoter recognition, and binding.[@b28-bbi-10-2016-155] Substitution mutation of this residue is proven to cause the complete loss of specific binding and activity with the promoter containing template.[@b28-bbi-10-2016-155],[@b55-bbi-10-2016-155] Met 635 makes interactions with the ribose moiety,[@b56-bbi-10-2016-155] and mutation in this residue caused a decrease in enzymatic activity to 5%--10%.[@b28-bbi-10-2016-155] hile palm subdomain makes contact with the upstream region of the template strand, the finger subdomain makes contacts with the templating base and the template strand immediately downstream of the templating base. The helix region (aa 642--654) of the finger subdomain is one of the primary regions for the interactions,[@b55-bbi-10-2016-155] and it harbors one of the highly contributing residues Asp 653.

We could not attribute any direct importance of the two highly contributing residues in heparin binding, Asp 506 and Pro 780. However, being in the most crucial subdomains, these two residues might play a role in inhibition of the T7RNAP by holding the heparin in position and thereby helping its interaction with the appropriate residues. This might open the possibility of indirect involvement of these residues in heparin-mediated inhibition.

Here, we observed that heparin binds to the important residues involved in T7RNAP transcription initiation and elongation with possible modes of inhibition. This broad range of interactions by heparin also explains its effectiveness in inhibiting T7RNAP whether added before or after the beginning of RNA synthesis.

Conclusion
==========

The highly promoter-specific T7RNAP is extremely valuable for molecular biology applications including selective high-level expression of cloned genes, synthesis of small RNAs, constructing different expression system, etc. Here, we have demonstrated the binding mode of heparin with T7RNAP. To understand the binding mode of heparin, we have analyzed both heparin and its LMW derivatives. From the results of the multistep analysis it was found that heparin binds more strongly to T7RNAP with better stability, when compared to its LMW derivatives.

Among the LMW heparin compounds, enoxaparin is found to be a possible alternative owing to its induced stability to the complex with T7RNAP and better binding free energy than bemiparin complex. Enoxaparin showed promising results to be a possible LMW alternative to heparin to be used as an inhibitor of T7RNAP. The per-residue energy decomposition brought out few important residues that are important for binding of heparin and its LMW derivatives, with T7RNAP. The docking studies showed that sulfur atoms, which are integral part of heparin skeleton, play a major role in its interactions with T7RNAP, and this observation was also maintained in simulation studies. We have also proposed a possible mode of inhibition of T7RNAP by heparin.

The findings in this work could offer a better understanding of T7RNAP inhibition mechanism as well as form a base for further design of inhibitors for T7RNAP and other related polymerases.
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**Supplementary Figure 1.** Structures of ligands used for the study: (**A**) heparin, (**B**) enoxaparin, (**C**) bemiparin, (**D**) fondaparinux and (**E**) idraparinux.

**Supplementary Figure 2.** The 2D interaction diagram of T7RNAP and the ligands: (**A**) heparin, (**B**) fondaparinux, (**C**) bemiparin, (**D**) enoxaparin, and (**E**) idraparinux.

**Supplementary Figure 3.** The solvent-accessible surface area of the active site residues of T7RNAP alone and complexes of T7RNAP with the ligands (**A**) heparin, (**B**) bemiparin, and (**C**) enoxaparin during the last 5 ns of simulation trajectories.

**Supplementary Figure 4.** Secondary structure elements of (**A**) the crystal structure of T7RNAP complexed with lysozyme and (**B**) the modeled structure of T7RNAP. The regions of missing residues and secondary structures are shown in black box.

**Supplementary Figure 5.** (**A**) The position of Mg^2+^ ions in the modeled structure with their distances and (**B**) the average distance they maintained throughout the simulation. Comparison of the closeness of C-terminal end (shown in yellow color) to catalytic center in: (**C**) the crystal structure with lysozyme (1ARO) and (**D**) the modeled structure. The average distance maintained by the C-terminal end with catalytic center in the modeled structure throughout the simulation period.
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![Schematic diagram showing different modes of inhibition of T7RNAP: (**A**) binding of inhibitor (eg, heparin) at the catalytic site (colored red) of the enzyme, (**B**) binding of T7 lysozyme at an alternate site (colored yellow) other than the active site, and (**C**) binding of inhibitor (eg, actinomycin) to the DNA template.](bbi-10-2016-155f1){#f1-bbi-10-2016-155}

![(**A**) The 3D view of T7RNAP model structure. The positions of domain and subdomains are shown. (**B**) The backbone RMSD plot for T7RNAP during the 50 ns simulation period.](bbi-10-2016-155f2){#f2-bbi-10-2016-155}

![Interactions of (**A**) heparin, (**B**) fondaparinux, (**C**) bemiparin, (**D**) enoxaparin, and (**E**) idraparinux with T7RNAP. Ligand interactions are indicated by black dotted lines (for details on all the interactions, refer to [Table 2](#t2-bbi-10-2016-155){ref-type="table"}).](bbi-10-2016-155f3){#f3-bbi-10-2016-155}

![MD simulation results at 30 ns timescale: (**A**) comparative analysis of RMSD (backbone) with time for heparin, enoxaparin, and bemiparin complexes with T7RNAP, (**B**) RMS fluctuation of palm and finger subdomain residues of all three complexes during the 30 ns simulation. The number of hydrogen bonds formed between receptor and ligand in the three complexes with (**C**) heparin, (**D**) enoxaparin, and (**E**) bemiparin is shown.](bbi-10-2016-155f4){#f4-bbi-10-2016-155}

![Plot of MM-PBSA binding free energy contribution per residue of the complexes formed by (**A**) heparin, (**B**) enoxaparin, and (**C**) bemiparin. The residues showing highest fluctuations are highlighted.](bbi-10-2016-155f5){#f5-bbi-10-2016-155}

![Comparison of fluctuations (RMSF) of important residues with and without heparin binding observed during MD simulation.](bbi-10-2016-155f6){#f6-bbi-10-2016-155}

###### 

Details of heparin and its LMW derivatives obtained from PubChem.

  SL. NO.   COMPOUND NAME   PUBCHEM CID   MOLECULAR WEIGHT (g/mol)   MOLECULAR FORMULA
  --------- --------------- ------------- -------------------------- --------------------------
  1\.       Heparin         444410        1661.41                    C~36~H~60~O~55~S~9~
  2\.       Enoxaparin      772           1134.93                    C~26~H~42~N~2~O~37~S~5~
  3\.       Bemiparin       25244225      591.45                     C~12~H~17~NO~20~S~3~^−4^
  4\.       Fondaparinux    5282448       1508.26                    C~31~H~53~N~3~O~49~S~8~
  5\.       Idraparinux     3083445       1529.34                    C~38~H~64~O~49~S~7~

###### 

Docking results of heparin and LMW heparin derivatives with T7RNAP.

  SL NO.                     COMPOUND NAME       XP G-SCORE (kcal/mol)   H-BOND INTERACTIONS D-A\[X\][a](#tfn1-bbi-10-2016-155){ref-type="table-fn"}   METAL-LIGAND INTERACTIONS M-A\[X\][a](#tfn1-bbi-10-2016-155){ref-type="table-fn"}   HYDROPHOBIC INTERACTIONS
  -------------------------- ------------------- ----------------------- ----------------------------------------------------------------------------- ----------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------
  1                          Heparin             −11.86                  NH1(Arg 425)-O28\[2.88\]                                                      MG884-O38\[2.76\]                                                                   Asp 506, Met 635, Thr 636, Ala 638, Pro 780, His 811.
  OD1(Asn 466)-O43\[2.64\]   MG885-O13\[2.28\]                                                                                                                                                                                             
  OD2(Asp 537)-O38\[2.57\]   MG885-O35\[2.16\]                                                                                                                                                                                             
  OG (Ser 541)-O30\[2.73\]                                                                                                                                                                                                                 
  OH(Tyr 571)-O41\[3.16\]                                                                                                                                                                                                                  
  NH1(Arg 632)-O47\[3.00\]                                                                                                                                                                                                                 
  NH1(Arg 632)-O14\[3.04\]                                                                                                                                                                                                                 
  OD1(Asp 653)-O53\[2.82\]                                                                                                                                                                                                                 
  NE2(His 784)-O34\[3.24\]                                                                                                                                                                                                                 
  OD1(Asp 812)-O35\[3.13\]                                                                                                                                                                                                                 
  2                          Enoxaparin          −7.69                   NZ(Lys 441)-O24\[2.61\]                                                       MG884-O18\[2.91\]                                                                   Glu 350, Asp 438, Ser 507, Met 635, His 811.
  N2-O(Asp 506)\[3.10\]      MG885-O18\[2.88\]                                                                                                                                                                                             
  OD2(Asp 537)-O18\[3.01\]   MG885-O25\[2.47\]                                                                                                                                                                                             
  NZ(Lys 631)-O30\[3.12\]                                                                                                                                                                                                                  
  NE(Arg 632)-O35\[2.92\]                                                                                                                                                                                                                  
  NH2(Arg 632)-O35\[2.57\]                                                                                                                                                                                                                 
  OG (Ser 813)-O34\[3.03\]                                                                                                                                                                                                                 
  3                          Bemiparin           −7.96                   NZ(Lys 441)-O18\[2.90\]                                                       MG884-O11\[2.14\]                                                                   Gly 436, Ser 539, Lys 631, Met 635.
  NZ(Lys 441)-O8\[2.93\]     MG884-N1\[2.51\]                                                                                                                                                                                              
  O(Gln 435)-O8\[2.95\]      MG885-O4\[2.57\]                                                                                                                                                                                              
  N (Cys 540)-O13\[2.91\]    MG885-O1\[2.99\]                                                                                                                                                                                              
  OG(Ser 541)-O12\[2.98\]    MG885-O7\[2.43\]                                                                                                                                                                                              
  O(Gly 538)-O11\[2.95\]                                                                                                                                                                                                                   
  OD2(Asp 537)-N1\[3.22\]                                                                                                                                                                                                                  
  ND1(His 811)-O7\[3.03\]                                                                                                                                                                                                                  
  OD2(Asp 812)-N1\[2.66\]                                                                                                                                                                                                                  
  OD2(Asp 812)-O11\[3.31\]                                                                                                                                                                                                                 
  4                          Fondaparinux        −12.68                  NZ(Lys 441)-O40\[2.80\]                                                       MG884-O29\[2.62\]                                                                   Arg 423, Gln 435, Gly 436, Cys 467, Ser 507, Ser 539, Lys 631, Arg 632, Met 635, Thr 636, Ala 638, Pro 780, Asn 781, Ile 810.
  NZ(Lys 441)-O31\[2.56\]    MG885-O10\[2.55\]                                                                                                                                                                                             
  OD2(Asp 537)-O29\[2.43\]   MG885-O30\[2.68\]                                                                                                                                                                                             
  OD2(Asp 537)-O16\[3.29\]   MG885-O16\[2.25\]                                                                                                                                                                                             
  O(Gly 538)-O29\[3.22\]                                                                                                                                                                                                                   
  OH(Tyr571)-O33\[2.89\]                                                                                                                                                                                                                   
  OD1(Asp 653)-O32\[2.39\]                                                                                                                                                                                                                 
  ND1(His 784)-O49\[2.93\]                                                                                                                                                                                                                 
  ND1(His 811)-O12\[3.03\]                                                                                                                                                                                                                 
  5                          Idraparinux         −4.189                  NH1(Lys 423)-O39\[2.72\]                                                      Nil                                                                                 Gly 436, Gln 435, Asp 506, Ser 507, Arg 632, Met 635, Thr 636, Ala 638, Asp 653, Tyr 739, Ser 776, Gly 777, Pro 780, His 784, His 811.
  NH1(Lys 425)-O4\[3.06\]                                                                                                                                                                                                                  
  NH1(Lys 425)-O42\[2.87\]                                                                                                                                                                                                                 
  NZ(Lys 441)-O23\[2.88\]                                                                                                                                                                                                                  
  NZ(Lys 441)-O48\[2.70\]                                                                                                                                                                                                                  
  NZ(Lys 631)-O31\[2.84\]                                                                                                                                                                                                                  

**Abbreviations:**

D, donor; A, acceptor; M, Metal; X, length of interaction in Å.

###### 

Prime MM-GBSA calculation of the docked complexes.

  COMPOUND       GLIDE SCORE (kcal/mol)   Δ*G*~bind~ (kcal/mol)   Δ*G*~Coul~   Δ*G*~Vdw~   Δ*G*~Lipo~   Solv GB    LIGAND STRAIN ENERGY
  -------------- ------------------------ ----------------------- ------------ ----------- ------------ ---------- ----------------------
  Heparin        −11.86                   −125.439                208.493      −63.338     −17.708      −261.704   28.367
  Fondaparinux   −12.68                   −68.027                 230.879      −76.159     −11.625      −213.605   34.162
  Bemiparin      −7.96                    −83.024                 34.571       −30.670     −7.398       −78.668    20.391
  Enoxaparin     −7.69                    −64.332                 66.687       −47.395     −13.259      −70.601    18.645
  Idraparinux    −4.19                    −43.167                 164.868      −70.630     −28.779      −113.836   16.181

**Abbreviations:** Δ*G*~bind~, MM-GBSA free energy of binding; Δ*G*~Coul~, Coulomb energy of the complex; Δ*G*~Vdw~, van der Waals energy of the complex; Δ*G*~Lipo~, lipophilic energy of the complex; SolvGB, solvation energy of the complex.

###### 

Binding free energy (MM-PBSA) and their components (kJ/mol) of T7RNAP complex with heparin and its LMW versions.

  ID           BINDING ENERGY      VAN DER WAAL ENERGY   ELECTROSTATIC ENERGY   POLAR SOLVATION ENERGY   SASA ENERGY
  ------------ ------------------- --------------------- ---------------------- ------------------------ -----------------
  Heparin      −240.288 ± 33.119   −479.880 ± 14.535     −110.557 ± 26.446      392.004 ± 38.629         −41.855 ± 1.523
  Enoxaparin   −51.917 ± 23.402    −241.341 ± 19.358     −64.980 ± 22.338       279.895 ± 44.239         −25.491 ± 2.479
  Bemiparin    −12.759 ± 21.126    −124.041 ± 8.199      −5.431 ± 16.425        130.885 ± 28.575         −14.172 ± 1.172
